The carotid bodies of rats made chronically hypoxic by breathing 12% O 2 in a normobaric chamber (inspired PO 2 91 mmHg) were compared with those of controls. Serial 5-µm sections of the organs were examined using an interactive image analysis system. The total volume of the carotid bodies was increased by 64%. The total vascular volume rose by 103% and was likely due to an increase in size of the large vessels (>12 µm lumen diameter) because the small vessel (5-12 µm lumen diameter) volume did not increase significantly while the small vessel density tended to decrease. The extravascular volume was increased by 57%. Expressed as a percentage of the total volume of the organ, the total vascular volume did not change, but the small vessel volume was significantly decreased from 7.83 to 6.06%. The large vessel volume must therefore have been increased. The proportion occupied by the extravascular volume was virtually unchanged (84 vs 82%). In accordance with these findings, the small vessel endothelial surface area per unit carotid body volume was diminished from 95.2 to 76.5 mm -1 , while the extravascular area per small vessel was increased from 493 to 641 µm 2 or by 30%. In conclusion, the enlargement of the carotid body in chronic hypoxia is most likely due to an increase in total vascular volume, mainly involving the large vessels, and to an increase in extravascular volume. This is in contrast to our previously published findings indicating that in the spontaneous insulin-dependent diabetic rat the enlargement of the carotid body is due solely to an increase in extravascular volume. Some of these data were previously reported in abstract form
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The carotid bodies of rats made chronically hypoxic by breathing 12% O 2 in a normobaric chamber (inspired PO 2 91 mmHg) were compared with those of controls. Serial 5-µm sections of the organs were examined using an interactive image analysis system. The total volume of the carotid bodies was increased by 64%. The total vascular volume rose by 103% and was likely due to an increase in size of the large vessels (>12 µm lumen diameter) because the small vessel (5-12 µm lumen diameter) volume did not increase significantly while the small vessel density tended to decrease. The extravascular volume was increased by 57%. Expressed as a percentage of the total volume of the organ, the total vascular volume did not change, but the small vessel volume was significantly decreased from 7.83 to 6.06%. The large vessel volume must therefore have been increased. The proportion occupied by the extravascular volume was virtually unchanged (84 vs 82%). In accordance with these findings, the small vessel endothelial surface area per unit carotid body volume was diminished from 95.2 to 76.5 mm -1 , while the extravascular area per small vessel was increased from 493 to 641 µm 2 or by 30%. In conclusion, the enlargement of the carotid body in chronic hypoxia is most likely due to an increase in total vascular volume, mainly involving the large vessels, and to an increase in extravascular volume. This is in contrast to our previously published findings indicating that in the spontaneous insulin-dependent diabetic rat the enlargement of the carotid body is due solely to an increase in extravascular volume.
Introduction
Chronic hypoxia causes enlargement of the carotid bodies as first shown by AriasStella (1) and confirmed since in several studies in humans (2) and cattle living at high altitude (3) . It also occurs in animals exposed to an environment of lowered PO 2 at sea level and this enlargement is reversed by raising the PO 2 to normal (3) (4) (5) (6) .
The histopathological changes in the carotid bodies have been reviewed elsewhere (2, 7) . The enlargement of the organ has been variously ascribed to increased vasculature, hypertrophy of type 1 cells, parenchymal cell hyperplasia and type 1 cell hyperplasia, but little attention has been paid to changes in the vascular compartment of the organ or to the appearance of the systemic arteries, arterioles and the microvasculature in the organ under these conditions.
In this paper we report the results of an investigation to establish the role that vascular structures might play in the enlargement of the carotid body in the chronically hypoxic rat. The various compartments of the carotid body were analysed quantitatively and particular attention was paid to the volume and proportion of the small vessels (5-12 µm in diameter) in the vascular compartment together with the density of small vessels. The term small vessels has been defined and used previously (8, 9) .
This study also constitutes a further investigation by us of the pathophysiological conditions affecting the microvasculature of the carotid body, thereby permitting a comparison of the effects of chronic hypoxia in the organ with those occurring in the spontaneous insulin-dependent diabetic rat (9,10).
Material and Methods
Carotid bifurcation regions were examined bilaterally in 5 control adult male rats (Wistar strain), age 77 days, 3 of which had been prepared at an earlier date as part of another study, and in 3 male rats age 80 days and of similar weight (Table 1) , made chronically hypoxic by breathing a mixture of 12% O 2 in 88% N 2 in a normobaric chamber for 31 days (inspired PO 2 approximately 91 mmHg) (Supplier: Biomedical Services Unit, University of Birmingham, Birmingham, UK). The carotid bodies were analysed quantitatively, particular attention being paid to the volume and proportion of the small vessels (5-12 µm lumen diameter) and larger vessels (>12 µm lumen diameter) in the vascular compartment, as defined by us previously (8, 9) . A complete description of the perfusion-fixation technique used to examine the carotid bifurcation regions in rats has been given previously (9, 11, 12) . Briefly, the animals were anaesthetized with pentobarbitone sodium (Sagatal, Rhöne Mérieux; 40 mg/kg, intraperitoneally), heparinized, submitted to median sternotomy, and quickly bled to death via a large incision in the right atrium. Immediately, perfusion of the carotid bifurcations was begun via the ascending aorta with sodium chloride solution (154 mmol/l) at a pressure of 100 mmHg and temperature of 37 o C, the arterial pressure in the chronically hypoxic group being the same as in the control group breathing room air (13). Perfusion was followed by 3% glutaraldehyde in isotonic phosphate buffer, pH 7.3, at the same pressure and temperature for 5 min. Each animal was stored overnight with the level of the carotid bifurcation regions 1-2 cm above that of the heart to maintain a normal venous pressure in these regions and to prevent retrograde movement of blood-stained fluid and occasional red cells from the trunk of the animal into the carotid body vasculature. Each carotid bifurcation region was prepared routinely for light microscopy and ribbons of transverse serial 5-µm sections from paraffin wax blocks were cut and stained using a modification of the Martius Scarlet Blue method for fibrin (9, 12) .
The various compartments of the carotid body were determined quantitatively using an interactive image analysis system. From an analysis of the histological sections taken at sample intervals of 25 µm, the following information was obtained by using Simpsons rule (5): 1) carotid body area and volume; 2) total vascular area and volume; 3) extravascular area and volume by subtraction (7); 4) small vessel endothelial surface area, i.e., a measurement of the surface area actually based on the external surface of the endothelial cells; 5) large vessel endothelial surface area, and 6) ratio of small vessel endothelial surface area to the carotid body volume. Values for extravascular area of the carotid body and small vessel area were obtained by summing the respective areas of individual sections of the total organ (9) .
Group results are expressed as mean val- 
Results

Microvasculature of the carotid body
We have described this previously in detail (9), but we shall briefly review the relevant points which are applicable to this paper. Classically, the carotid body artery, having originated from the external carotid artery, approaches the caudal pole of the organ and branches at its caudal margin into several arterioles. Thereafter, two distinct circulatory routes through the organ are discernible. Firstly, there is the straight through circulation which consists of three or four small arterioles confined to the central connective tissue framework of the carotid body. Secondly, there is the parenchymal circulation which consists of a dense capillary network which fans out from the caudal pole of the carotid body and travels rostrally to supply the type 1 and type 2 cells. This arrangement was clearly observed by us in a computer reconstruction of the vasculature of the rat carotid body (15; Clarke JA, Duff MJB and Ip HH-S, unpublished observations).
The general topographical description of the carotid bodies agreed well with that given previously (6) and is shown in Figure 1 taken from a normal animal (A) and a hypoxic animal (B). The type 1 cells of the carotid bodies of the chronically hypoxic rats showed no evidence of recent hyperplasia. The nuclei of the type 1 cells and type 2 cells, which could be unequivocally identified, were uniformly devoid of metaphase spindles or other features of chromosome aggregation. Measurements of type 1 cells in randomly selected sections indicated that the size of the cells fell within the accepted normal range of 15-30 µm (16), but this variable has not been made the subject of a special study. The endothelial cells of the small vessels were prominent in contrast to those of the control organs, being more intensely stained. This resulted in many of the vessels appearing to have distinct cellular crescents adjacent to the lumen. These features were absent in the controls ( Figure 1A ,B). The nuclei of the endothelial cells showed no evidence of recent mitosis, as metaphase chromosome configuration was absent. No evidence of systemic arterial disease was noted in the ca- rotid stem arteries or in their major branches in either the control or hypoxic group of animals. The capillary bed was patent in all parts of the carotid bodies, although in occasional sections, small areas of closely arranged type 1 and 2 cells, constituting less than 5% of the field, were seen which had no apparent accompanying capillaries.
The computerized analysis of some hundreds of sections of the carotid bodies revealed the following findings, although they are not all apparent in a comparison of just two selected sections shown in Figure 1A ,B. Although the rostral-caudal length of the carotid bodies was unchanged in the hypoxic group, the total volume was increased by 64% (Table 1 ). There was a significant increase in total vascular volume of 103% which must have been due to an increase in size of the large vessels >12 µm in diameter because the small vessel volume (5-12 µm in diameter) did not change (Table 1 ). In the chronically hypoxic animals, the venules situated at the periphery of the organ, but within the definable irregular border of the carotid body, were more conspicuous than in the controls and presumably contributed to the increase in total vascular volume. By subtraction, extravascular volume was found to be increased significantly by 57% (Table 1) . The sizes of the total vascular, small vessel and extravascular volumes expressed in proportion to the total volume of the carotid body are also shown in Table 1 . The value for total vascular volume, expressed as a percentage of the total volume of the organ, tended to increase from 15.3% in the controls to 18.0% in the hypoxic group, that is, by 17.6%, but this was not statistically significant. However, the percent small vessel volume was significantly reduced, whereas the proportion of the carotid body occupied by the extravascular cells and tissues was unaffected ( Table 1) .
The values for the endothelial surface areas are shown in Table 2 . In keeping with the reduced proportion of the small vessel compartment in the carotid bodies of the hypoxic animals, small vessel endothelial surface area per unit carotid volume was significantly diminished. On the other hand, the increased volume of the large vessels in the hypoxic carotid bodies tended to be associated with an augmented large vessel endothelial surface area both in absolute units and when expressed per unit carotid body volume, but the differences were not significant (Table 2) . Table 2 also provides mean data for variables based on a sampling interval of 25 µm. In the hypoxic animals there was a significant increase of 73% in extravascular area and of 30% in extravascular area per small vessel. Correspondingly, the density of the small vessels was significantly reduced by about the same proportion.
Discussion
We have confirmed that in the chronically hypoxic rat there is an increase in total volume of the carotid body (for references, see Introduction). The new information is that, by using image analysis techniques, this increase is found to be due to changes in the morphology of two compartments in the organ: a) an augmented total vascular volume, and b) an increase in extravascular volume.
Other investigators (17) observed a generalised increase in vascularity of the hypoxic carotid body, but gave no indication of the luminal diameter of the affected vessels. In particular, they drew attention to dilated vessels and blood sinuses, a category of blood vessel which does not occur in the organ. A critical analysis of their technique indicates that their observations may be due in part to the method of preparation of the carotid bodies, which were fixed in situ in the anaesthetised animal by dripping 8% glutaraldehyde on to the carotid bifurcation regions until the animals died or were killed by thoracotomy. As a consequence of this fixation method, venous congestion of cardiac origin must have occurred due to toxicity and/or asphyxia, so that a rise in venous pressure would have affected the carotid body vasculature passively. In another investigation (18) concerning the effect of sympathectomy on long-term hypoxic rats, the authors gave insufficient information on their methods to allow us to comment on their findings of different sizes of blood vessels within the organ. We emphasise that the changes observed in the two compartments of the carotid body in our experiments occurred in the absence of an increase in venous pressure in vivo (19) and that during the perfusion-fixation procedure we used, retrograde filling and artificial distension of the organs venous microvasculature after death were prevented by raising the animals head just above the level of the thorax.
Our results showed that the total vascular volume and extravascular volume increased pari passu with the total volume of the organ, so that when these variables are expressed as a percentage of the total volume of the organ there is no significant difference between the values for the normal and hypoxic animals. Analysis of the large vessel compartment (vessels of >12 µm in diameter) was difficult because of the variable topography of the venous plexus, particularly at the periphery of the carotid body. Nevertheless, the observation that the total vascular volume of the carotid body increased by 103% in hypoxic animals, even though the small vessel volume showed no significant increase, implies that there must have been an increase in the large vessel compartment. Indeed, a more detailed analysis of the results showed that the mean percentage of total vascular volume did increase appreciably in the carotid bodies of the hypoxic group of animals, although this increase did not reach statistical significance. This was due to the variability of the relative increases in total vascular volume and in the total volume of each organ. By contrast, in the case of small vessels, the absolute small vessel volume did not change in the hypoxic group of animals, so that when expressed as a percentage of the total volume of the organ, the percentage value actually decreased significantly. In accordance with this, the small vessel endothelial surface area expressed per unit carotid body volume, and the density of the small vessels in the organ were both diminished.
A question arises as to the possible mechanisms underlying these observations. The finding that the size of the small vessel volume did not change in the hypoxic carotid body and that there was a reduction in the volume of this compartment when expressed as a percentage of the total volume of the organ can be explained solely in terms of the absolute increase in total volume. We have therefore concentrated below on the explanation for the changes in the large vessels (>12 µm in diameter) and in the extravascular extracellular compartments.
Firstly, we considered whether the observed changes in the carotid bodies of chronically hypoxic rats might reflect angiogenesis. Tissue hypoxia is known to stimulate capillary angiogenesis in tissues other than the carotid body (20) and in the carotid body itself mitotic figures have been reported in endothelial cells of the hypoxic organ (21) . Particular attention was, therefore, paid to this issue in the present study. No evidence of mitoses was seen in any part of the extensive capillary network within the organ although endothelial cell nuclei were prominent and their deeply stained crescentic appearances were striking. However, we have to acknowledge that the absence of observable mitotic spindle does not exclude the possibility that mitosis had occurred prior to 31 days when the hypoxic animals were examined. As noted above, however, the size of the small vessel compartment was actually decreased in the hypoxic carotid bodies. Therefore it is very unlikely that angiogenesis occurred at the level of capillaries.
Secondly, changes in the vascular compartment of the hypoxic carotid body might be due to remodelling of the vasculature. Arteriolar remodelling has been shown to occur in the skeletal muscles of rats exposed to chronic hypoxia such that capillaries gain smooth muscle and become arterioles (22) . The arrangement of the arteriolar vessels in the carotid body is unusual in that those supplying capillaries to groups of type 1 and type 2 cells are largely confined to the caudal pole of the organ. Furthermore, the distribution of blood flow within the organ is uneven and only a small proportion, up to 8%, of the total blood flow through the carotid body supplies type 1 and type 2 cells (9, 23) . The remainder bypasses the parenchymal tissue via straight through channels which are largely arteriolar and are confined to the more central parts of the connective tissue framework of the carotid body. Changes in arteriolar arrangements in the central part of the organ would therefore be apparent immediately in serial sections, but this was not observed. Furthermore, careful examination of all the serial sections from the peripheral parts of the carotid bodies from hypoxic animals did not reveal smooth muscle cells surrounding the endothelial cells of capillaries adjacent to type 1 and type 2 cells which would have been indicative of the formation of new arterioles. Such an arrangement would have resulted in a striking alteration in the appearance of the carotid body microvasculature, and again this was not observed. Thirdly, the question arises as to whether remodelling of the larger peripheral veins could account for the increase in the large vessel volume such that post capillary venules and small venous vessels gained smooth muscle and became vessels >12 µm in diameter. The results of our analyses do not enable us to state whether the increase in large vessel volume was due to an increase in the number of veins >12 µm in diameter and/or in the diameter of the venous vessels already existing in the organ. It must be admitted that the peripheral venous network of the carotid body has such a variable morphology that, if remodelling had occurred prior to 31 days it would have been very difficult to detect in our sections. However, our feeling is that it was the diameter of the venous vessels rather than their number that increased. Certainly, in our histological sections the venous network of the cervical striated muscle and connective tissue surrounding the carotid body was more prominent in the chronically hypoxic animals, and this was apparently due to the fact that the venous vessels were larger than in the control animals. We have already discounted (see above) the possibility that in our preparations a rise in venous pressure could have contributed to enlargement of the large vessel compartment. However, an explanation may be found in the changed morphology of the endothelial cells of the hypoxic carotid bodies, i.e., the prominent nuclei (see above). In keeping with current understanding of the effects of hypoxia on endothelial cells (24, 25) , we suggest that substances such as nitric oxide, adenosine and prostaglandins are released during chronic hypoxia to cause the smooth muscle of the arterioles and venous vessels to relax. Furthermore, if this is the case, then as a consequence of the vasodilatation, and perhaps as a consequence of the release of substances that increase vascular permeability, we suggest there is a greater filtration of fluid out into the interstitium which would in turn have contributed to the augmented extravascular volume of the organ (see below). These hypotheses are in keeping with the finding that enlargement of the organ is almost completely reversed when the arterial PO 2 is restored to normal (26) .
An increase in the number of type 1 cells might have contributed to the increase in the extravascular volume of the carotid body. We are aware of studies (6, 21) reporting changes in the morphology of type 1 cells. Even so, in random selected sections of the carotid bodies from hypoxic animals, we found that the diameter of type 1 cells fell within the normal range (16) and we did not see any evidence of mitotic spindles in type 1 cells. Various recent studies on the development of neural crest cells (27, 28) have shown that cells from neural crest-derived ectomesenchyme have the ability to divide and undergo specialised development. Presumably, type 1 cells of the carotid body originate from neural crest cells which have migrated through the 3rd pharyngeal arch, thus providing an explanation for the innervation of the organ via the carotid sinus branch from the 1X cranial nerve. Whether type 1 cells which have reached their final destination still have the capacity to divide is unknown. We can say only that type 1 cells may have undergone a brief period of mitosis prior to 31 days of chronic hypoxia. However, we suggest that a brief wave of cellular proliferation would have made a minimal contribution to the overall increase in size of the organ reported under conditions of chronic hypoxia.
The reversal of the size of the carotid body when the arterial PO 2 is returned to normal (26) also argues against an increasing number of type 1 cells during the period of chronic hypoxia. An increase in the number of cells is irreversible unless the cell numbers are reduced by apoptosis. Such a situation would demand the appearance of macrophages and other components of the system concerned with removal of cell debris. As far as we are aware, no study has ever reported this in the carotid body of individuals that were returned to normoxic air-breathing. Therefore, we think it is reasonable to assume that the recovery of the size of the carotid body is not due to apoptosis, but must be due to a reduction in the size of the vascular and extravascular extracellular compartments. It follows that if the size and number of type 1 cells remain relatively constant, the increase in extravascular volume in the chronically hypoxic carotid body must be due to an increase in size of the extravascular, extracellular space, i.e., inter-stitial space. Therefore, in summary, we propose that in the chronically hypoxic carotid body, dilatation of arterioles and particularly of the venous vessels of >12 µm together with increased filtration of fluid into the interstitium are mainly responsible for increasing the size of large vessel and extravascular compartments. Clearly, further investigations will be required to test these hypotheses.
It is of interest to compare our results with previous reports (10,11) on changes observed in the carotid body of the spontaneously insulin-dependent diabetic rat. The cause of the enlargement of the carotid body in this condition differed from that seen in the hypoxic animals. In the diabetic rat, the total vascular volume did not change and was even diminished when expressed as a percentage of the total volume of the organ. Rather, the increased total volume of the diabetic rat carotid body was entirely attributable to an increase in the extravascular volume, in contrast to the hypoxic state where the increased extravascular volume was only a partial contributor.
Possible significance of morphological changes in the carotid body to acclimatization to chronic hypoxia Exposure to a steady-state chronic hypoxic environment in humans and other species leads to an increase in pulmonary ventilation which is characterised by an immediate increase followed by a time-dependent progressive rise in minute volume and a fall in alveolar and arterial PCO 2 , termed the ventilatory acclimatization to hypoxia (VAH; 29, 30) . Although the time course of VAH varies between species, the evidence indicates that the carotid body chemoreceptors play an important role in the genesis of VAH (29, 30) . The discharge in the chemoreceptor fibres of the carotid sinus nerve increases with a time course similar to that of pulmonary ventilation (30) (31) (32) , and there is a timedependent increased sensitivity of the oxygen-responsive mechanism (33) . In animals with denervated carotid bodies, VAH is significantly attenuated (29, 34) . There is still doubt about the mechanism underlying the increased hypoxic sensitivity of the carotid bodies in VAH. Hypoxia augments the activity of the efferent fibres in the carotid sinus nerve (35) , but such activity is unlikely to be a cause of the progressive increase in the chemoreceptor discharge in the VAH, since it is predominately inhibitory to the carotid body (36) . Other mechanisms have been considered, but the evidence has been somewhat equivocal, e.g., down-regulation of the inhibitory action of dopamine and a noradrenergic mechanism (30) . The results of the present study suggest an alternative explanation based on the observed morphological changes in the carotid body. It has been established that under normoxic conditions the mean carotid body PO 2 is about 25 mmHg in the cat (37) . It must be assumed that whatever the mechanism of signal transduction, the activity of the organ, as indicated by the discharge of impulses in afferent fibres in the carotid sinus nerve, will be dependent upon the level of tissue PO 2 . Tissue PO 2 depends upon a number of factors: arterial PO 2 , tissue oxygen consumption, tissue blood flow and the diffusion distance between the capillaries and tissue according to the Krogh-Erlang equation (38) . We suggest that VAH of carotid chemoreceptor origin could be accounted for, at least in part, by the gradual morphological changes described here involving an increase in extravascular volume, a reduction in small vessel density and an increase in extravascular volume per small vessel. This would have the effect of increasing the distance between the vessels and the centre of the type 1 and 2 cells, thereby causing a progressive lowering of the tissue PO 2 and hence an increase in chemoreceptor activity. If, as we have proposed, the increase in extravascular volume is the result of an increase in the volume of the interstitial space, and possibly of the type 1 and 2 cells as well, this would further increase the mean capillary-tissue distance.
It is well recognised that on return to sealevel following a stay at high altitude, some hyperventilation persists temporarily (ventilatory deacclimatization; 39). It appears that this phenomenon is not simply a manifestation of the same mechanism that accounts for VAH, but is in part secondary to respiratory alkalosis that develops during the phase of hyperventilation (40) . Nevertheless, the sensitivity of the carotid bodies to acute hypoxia presumably remains increased, at least during the immediate period of deacclimatization (31) and in time gradually returns to normal. On the basis of the observations reported here, we suggest that this phenomenon could be attributed to initial persistence, followed by reversal, of the morphological changes evoked in the first place by chronic hypoxia.
